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Tactile sensors have broad applications in human-machine interfacing technologies. In this work, we report a
type of a thin-ﬁlm-based ﬂexible integrated triboelectric sensing matrix (ITESM) that is of high resolution and
large area. It has a total of 3600 sensing units and a resolution of 50 dots per inch (dpi), which are 14 times and
25 times of the state-of-the-art works on the triboelectric sensor array, respectively. When touched by an external object, the ITESM generates a voltage signal in its bit electrode lines and word electrode lines due to the
combination of triboelectriﬁcation and electrostatic induction. With the assistance of a signal processing circuit
that ﬁlters and ampliﬁes the electric signal, an average voltage signal of 0.4 V can be acquired. Due to the design
of a shielding layer, the electrostatic induction among adjacent electrode lines are eﬀectively eliminated, resulting in a near end crosstalk (NEXT) of merely 0.05. As a result, single-point as well as multi-point contacts can
be explicitly revealed. Therefore, the ITESM in this work presents a major step in the direction of high-resolution
and large-area triboelectric sensing.

1. Introduction
Tactile sensors, which act as transducers transforming physical,
chemical, biological and mechanical signals into electrical signals, are
important means of human-machine interactions [1–4]. Although various types of tactile sensors based on diﬀerent working principles have
been reported [5–10], energy consumption is a universal problem that
needs to be addressed [11–13]. Despite of low energy consumption of a
single sensor unit [14–17], the amount of the energy consumed by an
array of tactile units becomes considerable. Recently, triboelectric
sensors based on the combination of triboelectriﬁcation and electrostatic induction have been extensively reported [18–20], which could
generate electric signal by the conversion of ambient mechanical energy. These triboelectric sensors have exhibited high sensitivity, selfpowered operation, and simple fabrication process. By arranging a
number of triboelectric sensor units into an array, researchers have
achieved recording the position, the trajectory, and the shape proﬁle of

⁎

objects that are in contact with the sensor array [20,21,23–26]. There
were usually two strategies in arranging the sensor units in an array
[20,25]. One approach was that each and every sensor unit was individually wired [20]. Although it may beneﬁt the signal-to-noise ratio,
the number of wires may become overwhelming, which poses a signiﬁcant challenge for data acquisition interface. As a result, large-area
and high-resolution tactile sensing may not be realized. For the state-ofthe-art research following this strategy, the size of a sensing unit was
reported to be as small as 5 mm, while the total number of units was no
more than 16 × 16 [25]. The other strategy was constructing electrodes
that had a cross bar conﬁguration. The interaction between a bit electrode line and a word electrode line is deﬁned as a sensing unit, which
largely reduces the number of wires [25]. However, cross talk among
the electrode lines attributed to electrostatic induction compromises the
area resolution of the triboelectric tactile sensor array. So far, the reported highly resolution was merely 2 dpi [25]. Therefore, it is highly
desired to develop a type of triboelectric tactile sensor array that
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structure is constructed on top of a thin-ﬁlm substrate made of Polyimide (PI). They are stacked sequentially on substrate layer from the
top to the bottom, as shown in Fig. 1a and b. A gap of 5 mm height is
maintained between the two electriﬁcation layers. Once external objects touches the ITESM, the contact between the TPU and the ParyleneC actually occurs, which rules out the dependence of the electric signal
on the materials of the contact objects. The bit electrode line, the word
electrode line and the shielding layer are laid underneath the lower
electriﬁcation layer in separate layers. The units with hollow squares
are connected to form the bit electrode line, while the units with solid
squares are lined up forming the word electrode line. The units between
the two electrode layers have one-to-one correspondence. A shielding
layer consisting of a hollow square array lies between the bit electrode
layer and the word electrode layer. The size of the individual hollow
squares in the shielding layer is smaller than that of the bit electrode
line but equivalent to the solid squares of the word electrode line. This
layer can eﬀectively eliminate the electrostatic induction among the bit
electrode lines and the word electrode lines in vertical direction as well
as adjacent sensing units of the same electrode layer in lateral direction.
Therefore, crosstalk will be largely reduced, which has been systematically justiﬁed in our previous work [26]. Two insulation layers
composed of Parylene-C lie between the shielding layer and the electrode layers to prevent electric shorts. Fig. 1c shows the picture of the
fabricated ITESM with an eﬀective sensing area of 3 × 3 cm2. The enlarged view of the arrayed sensing units in an optical microscope image
is exhibited in Fig. 1d, which shows that the two electrode layers are
well stacked and aligned in the vertical direction. The size of a single
unit is 500 × 500 µm2, which indicates the ITESM has an area resolution of 50 dpi. This resolution is 25 times higher than recently reported
triboelectric tactile sensor that had crossbar-shaped electrodes [25].
The overall thickness of the as-fabricated sixty-by-sixty sensing matrix
is only 20 µm and can be easily bent as shown in Fig. 1e.
When contacted with the TPU membrane, the Parylene-C marked as
the lower electriﬁcation layer will gain signiﬁcant negative triboelectric
charges due to the triboelectriﬁcation eﬀect [22]. To improve the triboelectric charge density on the contacting surfaces, here two means

possesses both high density and large area.
In this work, we report a type of a thin-ﬁlm-based ﬂexible integrated
triboelectric sensing matrix (ITESM) for high-resolution and self-powered imaging. Resorting to the means of micro- and nano-fabrication,
multiple thin-ﬁlm layers including bit electrode lines and word electrode lines are constructed onto a ﬂexible substrate. When touched by
an external object, triboelectriﬁcation coupled with electrostatic induction can give rise to a voltage signal at the corresponding bit electrode lines as well as word electrode lines. With the assistance of a
signal processing circuit that ﬁlters and ampliﬁes the generated electric
signal, an average voltage signal of 0.4 V can be acquired. Owing to the
design of a shielding layer, the electrostatic induction among adjacent
electrode lines are eﬀectively suppressed, resulting in a NEXT of merely
0.05. As a result, single-point as well as multi-point contacts can be
explicitly revealed. The ITESM reported here has an overall thickness of
20 µm, which is the thinnest triboelectric sensor array reported by far
[25]. It has an eﬀective area of 3 × 3 cm2 that contains a total of 3600
sensing units, which is 14 times of the state-of-the-art works on the
triboelectric sensor array [25]. The sensing resolution reaches 50 dpi,
which again poses a 25-times enhancement over the published works
[25]. The ITESM in this work presents a major step in the direction of
high-resolution and large-area triboelectric sensing. It is expected to
promote the potential practical applications of the triboelectric sensor
in human-machine interfacing technologies such as electric signature,
ﬁngerprint recognition, artiﬁcial skin and security monitoring, etc.

2. Results and discussion
The schematic diagram of the ITESM is shown in Fig. 1a with 3600
sensing units in a sixty-by-sixty matrix. The ITESM contains the following components, including an upper electriﬁcation layer made of
thermoplastic polyurethanes (TPU), a lower electriﬁcation layer made
of dichloro[2,2]paracyclophane (Parylene-C), a bit electrode layer
made of silver, an upper insulation layer made of Parylene-C, a
shielding layer made of silver, a lower insulation layer made of Parylene-C and a word electrode layer made of silver. The layer-by-layer

Fig. 1. Structural illustration and material characterizations of the ITESM. (a) Schematic diagram of the ITESM in a sixty-by-sixty array. (b) Break-down view of a
2 × 2 array. (c) Photograph of the ITESM and its enlarged view (d). (e) Illustration of the high ﬂexibility of the ITESM. Surface morphology of the original (f), the
nanoparticle-modiﬁed (g) and the ICP etched (h) lower electriﬁcation layer in SEM images and (i) normalized surface electric potential.
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word electrode lines and 24 bit electrode lines is measured, as shown in
Fig. 3a and b. According to the color bar reference, the maximum
background signal is found to be no more than 2 mV when no contacts
occur, which proves the high uniformity of the ITESM. The enlarged
illustration of the word electrode line (W39~W48) and the bit electrode
lines (B39~B48) clearly describes the very small ﬂuctuation of the
background signal, as shown in Fig. 3c and d, respectively. A singlepoint contact test was conducted at the position indexed as (W20, B34)
corresponding to the intersection between the word electrode line W20
and the bit electrode line B34. The measured voltage signal from the 48
selected electrode lines is presented in Fig. 3e and f. As discussed above,
the accurate contact position could be identiﬁed by deducing the word
electrode line and the bit electrode line in the two-dimensional coordinates of the sensor matrix. To clearly illustrate and compare the
amplitude of the voltage signal acquired from all of the selected electrode lines, Fig. 3g and h present the measured data in a side view
corresponding to Fig. 3e and f, respectively. Attributed to the screening
eﬀect from the shielding layer, the amplitude of the voltage signal
reaches ~0.4 V from the word electrode line W20 as well as the bit
electrode line B34, while the maximum voltage signal from other electrode lines is only ~0.02 V. Here, NEXT is used to indicate the diﬃculty
of signal recognition, which can be expressed as

were used to modify the surface of the lower electriﬁcation layer, i.e.
polytetraﬂuoroethylene (PTFE) nanoparticles deposition and induced
couple plasma (ICP) etching. The surface morphologies of a plain surface, a nanoparticle-modiﬁed surface, and an ICP etched surface in
scanning electron microscope (SEM) are shown in Fig. 1f-h, respectively. A surface electric potential meter is used to measure the surface
electric potential of the lower electriﬁcation layer after repeatedly
contacts with the TPU membrane. As Fig. 1i shown, after normalized
calculation, the electric potential of the modiﬁed surface is improved by
at least four times compared to the original plain surface. The surface
electric potential is in great accordance to amplitude of the voltage
signal, which beneﬁts the data acquisition process. As a result, the
means that can generate the highest surface potential, i.e. ICP etching,
is adopted to modify the lower electriﬁcation layer.
The basic sensing principle of the ITESM is based on the combination of triboelectriﬁcation and electrostatic induction between the
Parylene-C based lower electriﬁcation layer and the TPU-based upper
electriﬁcation layer. When an object dynamically interacts with the
ITESM, a voltage signal is produced on the electrode layers, which can
be measured after being ampliﬁed by a signal processing circuit. The
details of the signal processing circuit will be discussed later. To elaborate this process, a sketch of a cross-sectional viewed ITESM is drawn
in Fig. 2a. As discussed above, when contacted with the TPU membrane, the Parylene-C material would gain electrons and become negatively charged, while the TPU membrane would lose the same
amount of electrons and become positively charged. When the object is
withdrawn, the TPU membrane would separate away from the Parylene-C. The triboelectric charges of opposite signs are maintained on
both sides of the surface. Induced positive charges will be accumulated
on the word electrode line and the bit electrode line beneath the contacted sensing unit. As a result of the repeated contacts and separations,
the word electrode line and the bit electrode line would generate a
cyclic voltage signal, which reaches ~0.4 V after being ampliﬁed, as
shown in Fig. 2b. The signals from the word lines and the bit lines both
show alternating behavior. The diﬀerence lies in the observation that
the peaks from the word lines and the bit lines are not synchronized, as
indicated by the arrows in Fig. 2b. This diﬀerence is explained as follows. The word line electrode and the bit line electrode have complementary patterns. For a single sensing unit, the word electrode line
has a solid square pattern in the center, while the bit electrode line has
a hollow square pattern along the circumference. In this work, a tip of a
marker pen was used to excite the sensor. Made of elastic sponge, the
marker tip can be squeezed when being pressed; and the contact area
between the tip and the sensor becomes larger if higher pressure is
exerted. When the marker tip is in initial contact with the sensor, the
word electrode line is excited because the word line pattern sits at the
center (the peak “1” in Fig. 2b). Then the signal from the bit line follows
when the marker tip forms more tight contact with the sensor (the peak
“2” in Fig. 2b). During the separating process, the situation is reserved.
The marker tip ﬁrstly separates away from the bit line, generating the
peak “3” in Fig. 2b. Finally, when the marker tip separates away from
the center region of the sensing unit, the peak “4” is produced in
Fig. 2b. The signal-generating process is illustrated in Fig. 2c to f in
sequence. In general, the diﬀerence of the voltage signal from the two
electrode layers is attributed to the deformable marker tip that has
variable contact area with the sensor. The shielding layer has a uniform
electric potential of 0 V and eﬀectively suppresses the crosstalk between
the sensing units. In other words, the word electrode line and the bit
electrode line that are not actually touched will not produce undesirable voltage signal. As a result, the accurate contact position would be
identiﬁed and revealed by recognizing the two-dimensional coordinates
of the word electrode line and the bit electrode line that generate effective voltage signal, as shown in Fig. 2g.
The single-point experimental results of the electric measurement
on the sixty-by-sixty ITESM are presented in Fig. 3. To verify the uniformity of the ITESM, the background signal from randomly selected 24

NEXT = Vn/ Vs

(1)

where Vs is the voltage signal from the sensing unit that is actually
contacted, and Vn is the voltage signal from the nearest adjacent sensing
unit [27]. The lower value of the NEXT is, the less crosstalk among the
electrode lines is, and the easier the signal recognition becomes. Here,
the voltage signal acquired from the electrodes W20 and B34 is 20 times
higher than the other electrode lines. Therefore, the NEXT is calculated
to be 0.05, which represents the readiness of signal recognition and
supports the eﬀectiveness of the shielding layer in suppressing the
crosstalk among the electrode lines. To evaluate the stability of the
ITESM, the sensing matrix was tested under repeated contacts at a
frequency of 1 Hz. Ten cyclic contacts produce cycled patterns of the
voltage signal in a peak wave, as presented in Fig. 3i and j. The amplitude of the voltage signal of the word electrode line and the bit
electrode line underneath the contacted unit are repeatable at ~0.4 V,
while the voltage signal from other electrode lines keeps lower than
0.02 V, which proves stability of the ITESM.
Because of the low crosstalk, the ITESM is used to reﬂect the shape
proﬁle of the contact object. Fig. 4 illustrates a prototype of a demonstration system. As shown in Fig. 4a, an experimental setup was built up
for investigating the feasibility of an ITESM used in image sensing. A
square contact object was aﬃxed to a linear motor, which was directly
above the central region of the ITESM, as shown in Fig. 4b. The produced voltage signal was processed by the signal processing circuit
before being inputted into a multi-channel data acquisition system.
Fig. 4c shows a schematic diagram of the signal processing ﬂow. The
optimized signal processing was specially designed to remove the interference from low-frequency noise in ambient environment for more
precisely detecting the voltage signal. It consists of a signal processing
part and a sampling part. The signal processing part processes the
voltage signal mainly in two steps. Firstly, the acquired original voltage
signal is ﬁltered to remove environment noises such as power frequency
interference and electromagnetic interference. Then, the ﬁltered signal
will be ampliﬁed to improve its amplitude, which signiﬁcantly promotes the readiness of the signal identiﬁcation. The ampliﬁed signal
will then be converted from analog signal to digital signal by an AD
converter, which makes the signal be processed by the sampling part in
a more convenient, eﬃcient and precise way. The original weak voltage
signal will become recognizable after conducting through the signal
process circuit. As presented in Fig. 4d and e, the peak signal voltage of
the electrodes beneath the contact area reaches ~150 mV, which is
much higher than the peak signal voltage of the noncontact area. After
acquired and processed by a multi-channel system, the deduced result
499
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Fig. 2. Sensing principles of a single sensing unit and the sensing matrix. (a) Cross-sectional view of a single sensing unit and charge distribution illustration within a
separating-contacting cycle. (b) Voltage output of the corresponding bit electrode line and word electrode line underneath the contacting unit in a separatingcontacting cycle. (c), (d), (e) and (f) Illustration of the signal generation mechanism corresponding to peak 1, 2, 3 and 4 in (b), respectively. (g) Positioning principle
of the ITESM.

lower insulation layer, the shielding layer, the upper insulation layer,
the bit electrode layer and the lower electriﬁcation layer. As the substrate layer, the PI ﬁlm was ultrasonically cleaned with acetone, isopropyl, alcohol and deionized water for 1 min, respectively. In order to
facilitate photolithography, the PI ﬁlm was aﬃxed to a silicon wafer
with the assistance of a photoresist (SUN-9i, 50 cP, SUNTIFIC Material
(Weifang), LTD). A photoresist pattern of the word electrode lines was
formed on the PI ﬁlm by photolithography, and then 300 nm silver was
deposited by e-beam evaporator method (E-BEAM EVAPORATOR,
DENTON VACUUM). After removing the photoresist pattern, 3 µm
Parylene C was deposited to construct the lower insulation layer by
chemical vapor deposition method (PDS 2010, Special Coating System).
Then, a photoresist pattern of the shielding layer was formed on the
lower insulation layer by photolithography. Later that, a layer of
300 nm silver was deposited by e-beam evaporator method. Another

can clearly reﬂect the shape proﬁle of the contact object, as shown in
Fig. 4f. It is worth of noting that no power source is supplied onto the
ITESM. When the ITESM is in a stand-by mode without being touched,
power is only needed to provide the very small silent current of the
signal processing circuit. Wherefore, the energy consumption of the
ITESM is exceptionally small even if a large number of sensing units are
involved.

3. Experimental section
3.1. Fabrication of an ITESM
The ITESM was fabricated on a PI ﬁlm (Kapton, DuPont) in a layerby-layer process. The entire fabrication process consisted of six steps,
which included sequential fabrication of the word electrode layer, the
500
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Fig. 3. Experimentally measured output voltage of the ITESM. The output voltage from the word electrode lines (a) and the bit electrode lines (b) without a contact,
and the enlarged view of the output voltage from the selected word electrode lines (c) and bit electrode lines (d). Output voltage from 24 word electrodes lines (e) and
24 bit electrode lines (f) when a single unit is touched. (g) and (h) The lateral view of the output voltage corresponding to (e) and (f), respectively. Output voltage
from the word electrode lines (i) and the bit electrode lines (j) in cyclic tests.

3 µm Parylene C ﬁlm was deposited to construct the upper insulation
layer once the photoresist pattern was removed. The last photoresist
pattern of the bit electrode lines layer was formed on the upper insulation layer by photolithography. Finally, a layer of 3 µm Parylene C
was deposited to form the lower electriﬁcation layer after the photoresist pattern was removed. The upper electriﬁcation layer of the ITESM
was made of the TPU membrane. Firstly, a 6 × 6 cm2 frame with a
hollow square size of 5 × 5 cm2 was made of acrylic by laser cutting
(Pls.75–50, Universal laser system), and then a 6 × 6 cm2 TPU membrane was stretched and adhered onto the surface of the frame by a
double-sided tape. A 5 mm thick sponge tapes was cut into four
5 × 5 mm2 solid squares and pasted on the four corners of the frame.
The fabricated ITESM was aﬃxed on a testing interface based on a
printed circuit board. Each electrode line is connected to the testing
interface for data acquisition. A hemispheric marker tip made of sponge
was used as the contact object to excite a single sensing unit. The
maximum diameter of the marker tip is about 550 µm.

was applied to achieve an ampliﬁcation factor of 20.
4. Conclusion
The ITESM reported in this work has several unique features and
merits. Foremost, the ITESM has an overall thickness of 20 µm, which is
the thinnest triboelectric sensor array reported by far. It has an eﬀective
area of 3 × 3 cm2 that contains a total of 3600 sensing units, which
reaches 400 dots per square centimeter and is14 times than that of the
state-of-the-art works on the triboelectric sensor array. The sensing
resolution reaches 50 dpi, which poses a 25-times enhancement over
the recently published works. A signal processing circuit is designed,
which can eﬀectively ﬁlters the environment noises and signiﬁcantly
ampliﬁes the acquired signal. Attributed to the shielding layer and the
signal processing circuit, the amplitude of the voltage signal reaches
~0.4 V from the electrode lines under the contacted point, while the
maximum voltage signal from other electrode lines is only ~0.02 V. The
NEXT is calculated to be 0.05, which represents the readiness of signal
recognition.
In summary, a thin-ﬁlm-based ﬂexible integrated triboelectric sensing matrix was developed. Based on the combination of triboelectriﬁcation eﬀect and electrostatic induction, the ITESM produces a
voltage output when contacted with an external object. The size of a
single unit is 500 × 500 µm2, which indicates the ITESM can acquire
the image in a resolution as high as 50 dpi. Together with a measurement system, a sixty-by-sixty pixelated sensing matrix is demonstrated
and used to distinguish the position and the contact shape proﬁle. We

3.2. Electric measurement
A surface electric potential meter (Model 279, MONROE
Electronics) was used to measure the surface electric potential of the
lower electriﬁcation layer. A multi-channel measurement system (PXIe
4300, National Instruments Corporation) was used to collect the electric
signal that has been ﬁltered and ampliﬁed. In signal processing circuit,
a ﬁltering chip (MAX7427, Maxim Integrated) was used to reduce the
signal noise, and an ampliﬁcation chip (MAX4465, Maxim Integrated)
501
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Fig. 4. Demonstration of the ITESM for imaging. (a) Photograph of the experimental setup for testing the ITESM. (b) An enlarged view of the contact object. (c)
Process ﬂow of the signal measurement system. The peak output voltage from all of the 60 word electrode lines (d) and the 60 bit electrode lines (e). (f) The remapped
results of the shape proﬁle and the position of the contact object.

believe this sensing matrix has signiﬁcant potential for future development in human-machine interfacing technologies of electronic signature, ﬁngerprint recognition, artiﬁcial skin and security monitoring.
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